The 
Introduction
Dry type transformers have recently become much popular [1] . In the earlier days these were used for small rating power transformers only. But now-a-days these are also finding application as distribution transformers and they are being used for relatively much higher rating. In oil-filled transformers, the maintenance requirement is relatively more. A conservator is to be provided to take care of expansion and contraction of oil with load cycles. The ingress of moisture is to be counteracted by providing breather connected to the conservator. It has to be filled up with fused silica gel which need be checked at regular intervals. If oil-filled transformers are not properly maintained, there are chances of dielectric failure due to contamination of oil. In extreme cases the tank may burst and hot oil thrown off around the tank thus endangering nearby people. Moreover, the presence of oil is always associated with some amount of leakage which makes the near-by places dirty. For all these reasons, dry transformers are getting preference over the oil-filled type [2] - [4] .
Oil is used as filler for two reasons-better cooling and enhancing the dielectric strength of oil. Cooling conditions are inferior in case of a dry transformer as the cooling medium is air. Therefore dry transformers are to be designed for lower current density. The cost of conductor, and as such the over-all cost, for the same rating, becomes a little higher in comparison to oilfilled transformers. But in consideration of compactness of the design, absence of oil-hazards and neatness of the environment makes dry transformers quite attractive. Dry type resin-cast transformers are still more expensive but their performance is highly satisfactory [5] , [6] .
Cost Optimality and Quality Design
As dry transformers are gradually replacing their oil-filled counterparts, their costoptimal design is of great importance in the present context. In this paper, the cost of production (selling cost) has been taken as the objective function. However, the annual running losses or life-time losses may also be included in the cost function for dual optimization from the point of view of the customer and the manufacturer [7] . The core construction has been used as it is more economic than the shell type. Copper has been used as conductor for compactness of design. High price nomex-insulated conductors have been recommended as they can withstand higher temperature. Cold rolled grain-oriented silicon steel has been recommended as core material. The choice of materials has been made with a view to achieve higher efficiency and reduce the running losses [6] , [7] .
The Optimizing Techniques
A design problem does not have a unique solution. Generally there are many feasible solutions. Optimization is the way to find out the best possible solution out of them. Several techniques have evolved through centuries to deal with optimal solution. Some of them are traditional based on mathematical formulation and some of them are non-traditional based on soft-computing techniques. The chief contribution is from the mathematicians. The engineers and the technicians have merely applied them to real world industrial problems and designs. Searching for the optimal solution requires much iteration. It is difficult to expedite the same through long-hand calculations using a calculator. For reaching optimal solution recourse must be made to a digital computer as it can perform calculations at an extremely high rate and it has got large amount of memory. De facto, it is the advent of computer which has revolutionized the field of optimization [8] - [10] .
The process of optimization starts by choosing the design variables for a particular problem and listing the design constraints. The key variables are to be identified and their bounds defined. Then the objective function (or the cost function) is to be formulated. Then we are to search for optimality (maximality or minimality as the case may be) using an appropriate mathematical technique.
In this section, it is explained the results of research and at the same time is given the comprehensive discussion. Results can be presented in figures, graphs, tables and others that make the reader understand easily [11] , [12] . The discussion can be made in several subchapters.
Exhaustive search method
Using nested loops is the simplest of all search methods. The optimum of a function is bracketed by calculating the function values at a number of equally spaced points.Usually the search begin from a lower bound on the variable and the consecutive function values are compared at a time based on the assumption of unimodality of the function. Based on the outcome of comparison, the search is either terminated or continued by replacing one from the above points with a new point. Figure 1 shows the method graphically for a univaraiate objective function. 
Multivariable search
Single variable optimization is simple. But unfortunately, the design optimization problems are multi-variable and constrained. Obviously, the problems are complicated by nature. These are addressed by methods like: i) Repeated unidirectional search (in each direction defined by the variables) ii) Direct search methods or iii) Gradient-based methods. 
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The Direct search or gradient methods are mathematically sophisticated. On the contrary, the method of exhaustive search is much simpler. It is a bracketing method, normally used for single variable but it can be extended to multiple variables. Though the no of iterations is more in this method, the solution does not get stuck to local minima. If the step lengths are not too large, then it is almost sure to reach the optimal solution. Therefore, we have chosen the method of exhaustive search [12] - [14] .
There are also powerful methods for design optimization using soft-computing techniques [15] , [16] e.g., genetic algorithm, simulated annealing etc.
Design Variables and Constraints
There are several design variables for the design of a power transformer. Some of them affect the objective function to a large extent. These are called key variables. Other variables have rather less influence on the objective function. The optimal solution is sought by varying the key variables only. Other variables are kept constant at their usual values.
The variables may be continuous or integer. For example, the no of turns of the primary and the secondary windings in each limb must be an integer. However if the number is large, they can be treated as continuous variables. The following key variables have been identified: K = emf constant (in E t = K√S, where E t = emf/turn, S = rating in KVA) R w = H w / W w = Height: Width ratio of the transformer; δ = current density in the conductor in A/mm 
Algorithm
The following algorithm has been used to solve the design problem Step 1: Input specifications of the power transformer: power and voltage ratings.
Step 2: Choose copper as conductor material, CRGOS as core material. Initialize: min  a large number Step 3: Input user-specified data for design variables: flux density (B m ), current density (δ), number of core steps (N st ) etc. 'Bound 2.5 to 3.5 Step 6: Go to transformer design sub-routine, calculate the objective function, C (i, j) and the performance variables.
Step 7: If efficiency < 96% Go to step 12 Step 8: If voltage regulation > 3% Go to step 12
Step 9: If temp. Rise of coil > 90 o C go to step 12 Step 10: if C (i, j) > min go to step 12
Step 11: K min  K(i); R w min  R w (j); C min  C (I, j)
Step 12: end for
Step 13: end for Step 14: Put K  K min ; R w  R w min
Step 15: Go to transformer design sub-routine, 
The Design Problem
Optimal design of a small dry type 1-phase transformer has been taken. Core construction has been preferred as it is more economic. Table 1 shows the improvement parameters over conventional design. Comparison with a manufacturer's data for the same machine is given in Table 2 . 
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Conclusion
The paper has dealt with design optimization of a single phase dry type power transformer. The dry transformers are used where we like to have a compact design and trouble-free operation at low cost of maintenance. These transformers now find application as small and medium-sized transformers where cost is not an impediment. Core constructions are preferred as they are more economic [17] , [18] . Best grade materials e.g. CRGOS as core material and refined copper as conductor material are used to achieve higher efficiency and to reduce the running losses. The key variables which affect the cost of production have been identified as the emf constant, K and the window height: width ratio R w . The bounds on the design variables have been found out from the text-books on design. The optimal solution has been found out by the method of exhaustive search using nested loops. The step lengths have been chosen judiciously so as not to skip the optima. A case study has been made on a 5 KVA, 230/115 V, 50 Hz, 1-phase power transformer. The design details of the optimal machine have been documented. All the specifications have been fulfilled-no constraints have been violated.
If the design is not methodically made, we cannot aspire to reach an optimal solution. A comparison of performance and cost is given in tabular form (Table 2) , where manufacturer's data has been compared with the obtained optimal design data. It shows that the cost of the optimal machine is much less and most of the performance indices are better.
